Release of mitochondrial cytochrome c into the cytosol is a critical step in apoptosis. We have reported that early release of cytochrome c in vivo occurs after permanent focal cerebral ischemia (FCI) and is mediated by the mitochondrial antioxidant manganese superoxide dismutase (SOD). However, the role of reactive oxygen species produced after ischemia-reperfusion in the mitochondrial apoptosis process is still unknown, although overexpression of copper/zinc-SOD (SOD1), a cytosolic isoenzyme, protects against ischemia-reperfusion. We now hypothesize that the overexpression of SOD1 also prevents apoptosis after FCI. To address this issue, we examined the subcellular distribution of the cytochrome c protein in both wild-type mice and in SOD1 transgenic (Tg) mice after transient FCI. Cytosolic cytochrome c was detected as early as 2 hr after reperfusion, and correspondingly, mitochondrial cytochrome c was significantly reduced after FCI. Cytosolic cytochrome c was significantly lower in the SOD1 Tg mice compared with wild types 2 ( p Ͻ 0.0001) and 4 ( p Ͻ 0.05) hr after FCI. Apaf-1, which interacts with cytochrome c and activates caspases, was constitutively expressed in both groups of animals, with no alteration after FCI. Double staining with cytochrome c immunohistochemistry and terminal deoxynucleotidyl transferasemediated uridine 5Ј-triphosphate-biotin nick end labeling showed a spatial relationship between cytosolic cytochrome c expression and DNA fragmentation. A significant amount of DNA laddering was detected 24 hr after ischemia and was reduced in SOD1 Tg mice. These data suggest that SOD1 blocks cytosolic release of cytochrome c and could thereby reduce apoptosis after transient FCI.
Release of mitochondrial cytochrome c into the cytosol is a critical step in apoptosis. We have reported that early release of cytochrome c in vivo occurs after permanent focal cerebral ischemia (FCI) and is mediated by the mitochondrial antioxidant manganese superoxide dismutase (SOD). However, the role of reactive oxygen species produced after ischemia-reperfusion in the mitochondrial apoptosis process is still unknown, although overexpression of copper/zinc-SOD (SOD1), a cytosolic isoenzyme, protects against ischemia-reperfusion. We now hypothesize that the overexpression of SOD1 also prevents apoptosis after FCI. To address this issue, we examined the subcellular distribution of the cytochrome c protein in both wild-type mice and in SOD1 transgenic (Tg) mice after transient FCI. Cytosolic cytochrome c was detected as early as 2 hr after reperfusion, and correspondingly, mitochondrial cytochrome c was significantly reduced after FCI. Cytosolic cytochrome c was significantly lower in the SOD1 Tg mice compared with wild types 2 ( p Ͻ 0.0001) and 4 ( p Ͻ 0.05) hr after FCI. Apaf-1, which interacts with cytochrome c and activates caspases, was constitutively expressed in both groups of animals, with no alteration after FCI. Double staining with cytochrome c immunohistochemistry and terminal deoxynucleotidyl transferasemediated uridine 5Ј-triphosphate-biotin nick end labeling showed a spatial relationship between cytosolic cytochrome c expression and DNA fragmentation. A significant amount of DNA laddering was detected 24 hr after ischemia and was reduced in SOD1 Tg mice. These data suggest that SOD1 blocks cytosolic release of cytochrome c and could thereby reduce apoptosis after transient FCI.
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Cytochrome c, a water-soluble peripheral membrane protein of the mitochondria, is an essential component of the mitochondrial respiratory chain (Boyer et al., 1977) . Its function is to transport electrons from the coenzyme QH 2 -cytochrome c reductase complex to the cytochrome c oxidase complex in the electron transport chain. Growing evidence suggests the critical role of cytochrome c in apoptosis (Liu et al., 1996; Kluck et al., 1997; Yang et al., 1997) . Mitochondria are involved in apoptosis by releasing cytochrome c to the cytoplasm in which it activates caspases by interacting with some cytosolic factors, including Apaf-1, a protein homologous to Caenorhabditis elegans CED-4 (Zou et al., 1997; Yoshida et al., 1998) . Released cytochrome c interacts with Apaf-1 and caspase-9, both of which play an essential role in the cytochrome c-dependent mitochondrial pathway of apoptosis (Zou et al., 1997 (Zou et al., , 1999 Hakem et al., 1998; Kuida et al., 1998) by activating caspases such as caspase-2, -3, -6, -7, -8, and -10 (Slee et al., 1999) , which results in apoptosis. Bcl-2, a mitochondrial outer membrane protein, inhibits cytochrome c translocation, thereby blocking caspase activation and apoptosis (Kluck et al., 1997; Yang et al., 1997) . Although the mechanism by which Bcl-2 prevents cytochrome c release has not been established, a recent in vitro study showed that overexpression of Bcl-2 prevents superoxide production and then blocks cytochrome c release and apoptosis (Cai and Jones, 1998) , suggesting that the antioxidant function of Bcl-2 contributes to the inhibition of cytochrome c release and subsequent apoptosis. In fact, we have shown that deficiency in the mitochondrial antioxidant manganese superoxide dismutase (SOD) results in a marked increase in the early release of mitochondrial cytochrome c and subsequent DNA fragmentation after focal cerebral ischemia (FCI) (Fujimura et al., 1999a) , again suggesting the regulatory role of mitochondrial antioxidants in the cytochrome c-dependent apoptotic pathway. Besides the effect of the mitochondrial proteins, recent evidence shows that early release of mitochondrial cytochrome c is mediated by a variety of cytosolic factors, such as Bax, Bid, and caspase-8 (Jürgensmeier et al., 1998; Li et al., 1998; Narita et al., 1998) . However, the role of the cytosolic antioxidant system in the early release of cytochrome c is unknown.
The antioxidant enzyme is one of the major mechanisms by which cells counteract the deleterious effects of reactive oxygen species (ROS) after cerebral ischemia and reperfusion. We have shown that copper/zinc-SOD (SOD1), a cytosolic antioxidant isoenzyme, is highly protective against ischemia-reperfusion injury after focal (Kinouchi et al., 1991; Chan, 1996; Kondo et al., 1997) and global cerebral ischemia Chan et al., 1998) . Using SOD1 knock-out mice, we have suggested the protective role of SOD1 against DNA-damaged neuronal cell death after ischemia-reperfusion . However, it has not yet been determined whether SOD1, an endogenous cytosolic antioxidant, could affect mitochondrial cytochrome c release to the cytosol, thereby preventing apoptosis after transient FCI. Using both wild-type mice and transgenic (Tg) mice that overexpress SOD1 (Epstein et al., 1987) , the present study was designed to clarify this critical issue by examining the early release of mitochondrial cytochrome c to the cytosol and DNA fragmentation after transient FCI in which apoptosis, as well as necrosis, are assumed to participate (Li et al., 1995; Du et al., 1996; Hara et al., 1997; Endres et al., 1998; Fujimura et al., 1998 Fujimura et al., , 1999b Namura et al., 1998) .
MATERIALS AND METHODS

SOD1 Tg mice.
Heterozygous SOD1 Tg mice of the SOD1 TGHS/SF-218 -3 strain with a CD-1 background, carrying human SOD1 genes with a threefold increase in copper/zinc-SOD, were derived from the founder stock described previously (Epstein et al., 1987) . They were f urther bred with CD-1 wild-type mice to generate heterozygous mice. The SOD1 Tg mice were identified by quantitative demonstration of SOD1 using nondenaturing gel electrophoresis, followed by nitroblue tetrazolium staining (Epstein et al., 1987) . There were no differences in the phenotypes, including the anatomy of the circle of Willis between the SOD1 Tg mice and their wild-type littermates (Yang et al., 1994) . There was no difference in the regional cerebral blood flow before and after FCI between the SOD1 Tg and wild-type mice (Chan et al., 1993) . A part of the ischemic middle cerebral artery (MCA) territory cortex, including the cortical penumbra, was reported to have been rescued in SOD1 Tg mice after transient FCI (Yang et al., 1994) .
Focal cerebral ischemia. Adult male SOD1 Tg mice and non-Tg littermates (35-40 gm) were subjected to transient FCI by intraluminal MCA blockade with a nylon suture as described previously (Yang et al., 1994) . The mice were anesthetized with 2.0% isoflurane in 30% oxygen and 70% nitrous oxide using a face mask. The rectal temperature was controlled at 37°C with a homeothermic blanket. C annulation of a femoral artery allowed the monitoring of blood pressure and arterial blood gases, samples for analysis being taken immediately after cannulation, 10 min after occlusion, and 10 min after reperf usion. Blood gas was analyzed with a pH / blood gas analyzer (Chiron Diagnostics L td., Essex, UK). After a midline skin incision, the left external carotid artery was exposed, and its branches were electrocoagulated. A 11.0 mm 5-0 surgical monofilament nylon suture, blunted at the end, was introduced into the left internal carotid artery through the external carotid artery stump. After 60 min of MCA occlusion, blood flow was restored by the withdrawal of the nylon suture.
Histolog ical assessment. The experimental animals were killed 0, 1, 2, 4, 8, and 24 hr after 60 min of MCA occlusion. The brains were removed, rapidly frozen in Ϫ20°C 2-methylbutane, and stored at Ϫ80°C. They were sectioned with a cryostat into a thickness of 20 m from the anterior side to the posterior side and stained with cresyl violet.
Western blot anal ysis. Protein extraction of both the mitochondrial and cytosolic fractions was performed as described previously (Fujimura et al., 1998) . Approximately 50 mg of fresh brain tissue (nonfrozen) from the MCA territory of the ischemic side and from the nonischemic area of the corresponding contralateral brain were cut into pieces after 0, 1, 2, 4, 8, and 24 hr of reperf usion and gently homogenized by douncing 30 times in a glass tissue grinder (Wheaton, Millville, NJ) in 7 vol of cold suspension buffer (20 mM H EPES-KOH, pH 7.5, 250 mM sucrose, 10 mM KC l, 1.5 mM MgC l 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 2 g /ml aprotinin, 10 g /ml leupeptin, 5 g /ml pepstatin, and 12.5 g /ml N-acetyl-leu-leu-norleucinal). The homogenates were centrif uged at 750 ϫ g at 4°C and then at 8000 ϫ g for 20 min at 4°C. The 8000 ϫ g pellets were used to obtain the mitochondrial fraction. The supernatant was f urther centrif uged at 100,000 ϫ g for 60 min at 4°C. Protein concentrations were determined by the Bradford method (BioRad, Hercules, CA), and 3.6 g of protein from the cytosolic fraction and 2.2 g from the mitochondrial fraction were loaded per lane. To analyze the direct relationship between SOD1 overexpression and cytosolic cytochrome c release, we used the same series of samples for SOD1 and cytochrome c detection. The primary antibodies were either a 1:1000 dilution of rabbit anti-mouse SOD1 polyclonal (StressGen, Victoria, C anada), 1:1000 dilution of anti-human SOD1 monoclonal (PharMingen, San Diego, CA), 1:1000 dilution of rabbit cytochrome c polyclonal (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-Apaf-1 polyclonal (Chemicon, Temecula, CA), and 1 g /ml 20E8C12 cytochrome oxidase (C OX) subunit IV monoclonal (Molecular Probes, Eugene, OR). Western blots were performed with horseradish peroxidase-conjugated antirabbit or anti-mouse IgG using enhanced chemiluminescence Western blotting detection reagents (Amersham Pharmacia Biotech, Buckinghamshire, UK). A densitometric analysis of the cytochrome c expression was made of the results of the mitochondrial fraction and of the cytosolic fraction of the ischemic brain from both wild-type and SOD1 Tg mice. The film was scanned with a GS-700 imaging densitometer (Bio-Rad), and the results were quantified using Multi-Analyst software (Bio-Rad). Western blot analysis of ␤-actin was performed with horseradish peroxidase-conjugated anti-mouse IgG reagents (Amersham Pharmacia Biotech). To confirm the total amount of cytochrome c in the nonischemic mitochondria from both wild-type and SOD1 Tg mice, Western blot analyses of mitochondrial cytochrome c, as well as C OX, were performed.
Immunohistochemistr y. Anesthetized animals were perf used with 10 U/ml heparin and subsequently with 4% formaldehyde in 0.1 M PBS, pH 7.4, 2 hr after transient FCI as described previously (Fujimura et al., 1999a) . The brains were removed, post-fixed for 12 hr, sectioned at 50 m on a vibratome, and processed for immunohistochemistry. The sections were incubated with a blocking solution and reacted with anticytochrome c polyclonal antibody (Santa Cruz Biotechnology) at a dilution of 1:100. Immunohistochemistry was performed using the avidinbiotin technique, and then the nuclei were counterstained with methyl green solution for 10 min. As a negative control, sections were incubated without primary antibodies. For histological assessment, alternate slices from each brain section were stained with cresyl violet.
Double-labeling with c ytochrome c immunohistochemistr y and terminal deoxynucleotidyl transferase-mediated uridine 5Ј-triphosphate-biotin nick end labeling.
To clarif y the spatial relationship between cytosolic cytochrome c expression and DNA damage, we performed double staining of the cytochrome c antibody and terminal deoxynucleotidyl transferasemediated uridine 5Ј-triphosphate-biotin nick end labeling (TUN EL) as described previously (Kawase et al., 1999) . Animals were perf used with 10 U/ml heparin and subsequently with 4% formaldehyde in 0.1 M PBS, pH 7.4, 24 hr after transient FCI. The fixed sections were immunostained with the cytochrome c antibody as described above, and the sections were mounted on glass slides (Superfrost; Fisher Scientific, Pittsburgh, PA), passed through ethanol (70, 95 and 100%), and then immersed in chloroform for 5 min. The sections were rehydrated by passage through a decreasing ethanol series, rinsed with water, and processed with TUN EL. The slides were placed in 1ϫ terminal deoxynucleotidyl transferase (TdT) buffer (Life Technologies, Gaithersburg, MD) for 15 min, followed by reaction with TdT enzyme (Life Technologies) and biotinylated 16-dUTP (Boehringer Mannheim, Indianapolis, I N) at 37°C for 60 min. The slides were then washed two times in SSC (150 mM sodium chloride and 15 mM sodium citrate, pH 7.4) for 15 min, followed by a washing in PBS two times for 15 min. Avidin-biotin horseradish peroxidase solution (ABC kit; Vector Laboratories, Burlingame, CA) was applied to the sections for 30 min. Staining was visualized using 0.025% diaminobenzidine and 0.075% H 2 O 2 with nickel sulfate. The slides were rinsed with water, stained with methyl green for 10 min, dehydrated, and mounted.
Gel electrophoresis. Genomic DNA gel electrophoresis was performed as described previously (Fujimura et al., 1999b) . Animals were killed 24 hr after 60 min of MCA occlusion. Thirty to 50 mg wet weight of brain tissue from the ischemic MCA territory were taken from the third 2 mm section along with homologous tissue from the contralateral side after the brain was cut coronally. Samples were incubated overnight in 0.6 ml of lysis buffer (0.5% SDS, 10 mM Tris-HC l, and 0.1 M EDTA) with 0.6 mg of proteinase K (Boehringer Mannheim) at 55°C. The DNA was extracted with equal volumes of phenol and phenol-chloroform-isoamyl alcohol (25:24:1) and precipitated overnight in 0.2 M sodium chloride in 100% ethanol at Ϫ80°C. The DNA was washed twice with 75% ethanol, air dried, and resuspended in DNase-free water (Sigma, St. L ouis, MO). The DNA concentration was measured using To-Pro-1 dye (Molecular Probes). Gel electrophoresis for detecting DNA laddering was performed according to the manufacturer's instructions (Trevigen, Gaithersburg, MD), as described previously (Fujimura et al., 1999b) . Before electrophoresis, 1 g of DNA was incubated with 50 g /ml DNase-free RNase (Boehringer Mannheim) for 30 min at 37°C. Then the samples were reacted with K lenow enzyme (Trevigen) and dN TP (Trevigen) in 1ϫ K lenow buffer (Trevigen) for 10 min at room temperature. Samples were mixed with loading buffer and subjected to electrophoresis on a 1.5% agarose gel. Then the gel was washed with 0.25 M HC l, 0.4 M NaOH or 0.8 M NaC l, and 0.5 M Tris buffer, pH 7.5. DNA was transferred to a nylon membrane overnight in 10ϫ SSC. The membrane was first blocked by 5% powdered milk (Bio-Rad) in PBS for 30 min and incubated with Strept-horseradish peroxidase conjugate (Trevigen) for 30 min. Finally, the bands were visualized by the chemiluminescence method using PeroxyGlow (Trevigen), and the films were exposed to x-ray film.
RESULTS
SOD1 expression is not modified after transient FCI in either wild-type or Tg mice
As shown in Figure 1 , endogenous mouse SOD1 was constitutively expressed in both wild-type and Tg mice and was not modified until 24 hr after transient FCI (Fig. 1 A, top lane) . Because anti-mouse SOD1 antibody used in the present study had a cross-reactivity against human SOD1, characteristic bands of human SOD1, which are products of the transgene, were also seen in the SOD1 Tg mice (Fig. 1 A, top lane) but not in the wild-type mice. The use of anti-human SOD1 antibody resulted in the detection of characteristic single bands of human SOD1 only in the Tg mice that were not modified after 1-24 hr of transient FCI ( Fig. 1 B, top lane) . A consistent amount of ␤-actin is seen in the bottom panels (Fig. 1 A, B) . Figure 2 A, cytochrome c immunoreactivity was evident as a single band of molecular mass 15 kDa (Fujimura et al., 1999a) in the cytosolic fraction in the ischemic brain in the wild-type mice as early as 2 hr after reperfusion, whereas it was barely detected in the normal control brain. The characteristic single band in the ischemic sample was sustained until 24 hr after reperfusion (Fig. 2 A) . These data not only confirm the specificity of the polyclonal antibody for cytochrome c used in this study but also show that cytosolic localization of cytochrome c was significantly increased after transient FCI. The mitochondrial fraction of cytochrome c was also examined in the wild-type animals 4 hr after transient FCI. As shown in Figure 2 B, a significant amount of mitochondrial cytochrome c was detected in the nonischemic brain and decreased after FCI (Fig. 2 B, top panel ) . Correspondingly, the cytosolic fraction from the same sample showed a marked increase of cytochrome c in the ischemic brain (Fig. 2 B,  top panel ) . COX was strongly expressed in the mitochondrial fraction, but not in the cytosolic fraction, in both the ischemic and nonischemic brains (Fig. 2 B, middle panel ) .
Western blot analysis demonstrating the early release of mitochondrial cytochrome c to the cytosol after transient FCI
As shown in
Early release of mitochondrial cytochrome c to the cytosol is significantly reduced in SOD1 Tg mice compared with wild-type mice after transient FCI
The amount of cytosolic cytochrome c was compared between SOD1 Tg mice and wild-type mice 2 (Fig. 3A) and 4 (Fig. 3B) hr after transient FCI. The results shown are derived from one of the nonischemic control samples and three of the ischemic samples from different animals in each group. There was no difference in the ␤-actin level between the wild-type and SOD1 Tg mice (data not shown). The mean optical density of the characteristic bands from the SOD1 Tg mice was significantly lower than that from the wild-type mice both 2 (wild type, 2.3 Ϯ 1.1; Tg, 0.24 Ϯ 0.016) and 4 (wild type, 2.3 Ϯ 1.1; Tg, 0.55 ϩ 0.38) hr after transient FCI ( p Ͻ 0.0001 at 2 hr; p Ͻ 0.05 at 4 hr) (Fig. 4) , indicating that cytosolic localization of cytochrome c was significantly decreased in the Tg mice compared with the wild-type mice after transient FCI. To confirm the total amount of nonischemic mitochondrial cytochrome c in wild-type and SOD1 Tg mice, we performed Western blot analysis using nonischemic mitochondrial fractions from both wild-type and SOD1 Tg mice. A similar amount of cytochrome c (Fig. 5, top panel ) as well as COX (bottom panel ) were seen in the nonischemic mitochondrial fraction from both wild-type (lanes 1-4 ) and SOD1 Tg (lanes 5-8) mice. These results indicate that the total amount of mitochondrial cytochrome c was similar between wild-type and SOD1 Tg mice.
Apaf-1 was constitutively expressed in the cytosol and was not modified after transient FCI in both wild-type and SOD1 Tg mice
As shown in Figure 6 , a characteristic band of Apaf-1 is evident in the cytosolic fraction in the nonischemic control brains (top panel ). There was no significant modification of Apaf-1 expression after 1-24 hr of transient FCI, and there was no difference in Apaf-1 expression between the wild-type and SOD1 Tg mice during these time points. A consistent amount of ␤-actin is shown in the bottom panel (Fig. 6 ).
Cytosolic expression of cytochrome c was detected by immunohistochemistry in the ischemic brain after transient FCI and was decreased in SOD1 Tg mice
Cytochrome c protein expression before and after transient FCI was also analyzed by immunohistochemistry in both the wild-type (Fig. 7 A, C , E, G) and SOD1 Tg (Fig. 7 B, D, F, H ) mice. Homogeneous cytoplasmic immunoreactivity of cytochrome c was visible 2 hr after transient FCI in the wild-type mice in the entire MCA territory, including the ischemic cortex (Fig. 7C, arrows) , lateral caudate putamen (G, arrows), and cortical penumbra (E, arrows) . Both the number of cytochrome c-positive cells and cytosolic immunoreactivity were profoundly reduced in the SOD1 Tg mice 2 hr after FCI in entire regions, such as the ischemic cortex (Fig.  7D , arrow), lateral caudate putamen (H, arrow), and cortical penumbra (F, arrow) compared with the wild-type mice. There was no immunoreactivity in the contralateral hemisphere in either the wild-type (Fig. 7A) or the Tg (Fig. 7B) mice. The absence of immunoreactivity in the nonischemic brain (Fig. 7 A, B) , which is consistent with our previous studies (Fujimura et al., 1998 (Fujimura et al., , 1999a , is considered to be because of the thorough fixation of the brain with formaldehyde, which prevented the antibody from reaching the mitochondrial intermembrane space, but not the cytosol. In fact, immunohistochemistry with frozen sections resulted in dotted cytoplasmic immunoreactivity of cytochrome c in control brains (data not shown). To analyze the relationship between cytosolic accumulation of cytochrome c and DNA fragmentation, we performed double staining of cytochrome c and TUNEL 2 and 24 hr after transient FCI in the wild-type mice. Two hours after transient FCI, cytosolic cytochrome c expression was seen as a brown color, whereas there were no TUNELpositive cells in the ischemic brain (Fig. 8 B) . Twenty-four hours after transient FCI, a significant number of the cells that sustained cytosolic cytochrome c immunoreactivity were seen in the ischemic brain, most of which showed densely labeled nuclei, chromatin condensation, and apoptotic bodies by TUNEL (Fig.  8C, arrows) . The number of TUNEL-positive cells was consistent with our previous report . Because the typical apoptotic cells showed shrunken morphology, cytosolic expression of cytochrome c was seen as a thin brown staining in some cells (Fig. 8C, arrows) . There were no TUNEL-positive cells or cytosolic cytochrome c immunoreactivity in the control specimens (Fig. 8 A) .
DNA laddering was detected by genomic DNA gel electrophoresis
To detect the occurrence of intranucleosomal DNA fragmentation, we analyzed DNA from both the ischemic brain and the homologous sample on the contralateral side. DNA laddering was absent in the control tissue from both the wild-type and SOD1 Tg mice. A significant amount of DNA laddering was detected 24 hr after ischemia and was decreased in the SOD1 Tg mice. This result is in complete accordance with the data published previously (Fujimura et al., 1999c) .
Physiological data and cerebral infarction
Physiological parameters showed no significant differences in mean arterial blood pressure and arterial blood gas analysis between each group. The preischemic physiological values were as follows (wild-type and SOD1 Tg, respectively): mean arterial blood pressure, 71 Ϯ 3.4 and 72 ϩ 6.6 mmHg; PaO2, 160 Ϯ 20 and 170 ϩ 7.1 mmHg; PaCO2, 33 Ϯ 4.6 and 31 Ϯ 3.5 mmHg; pH, 7.3 Ϯ 0.06 and 7.4 Ϯ 0.02 (values are mean Ϯ SD; n ϭ 4). There was no deviation from these values over the period of assessment. An ischemic lesion of the core of the caudate putamen was visible as a pale, slightly stained area in the ischemic hemisphere as early as 1 hr after reperfusion, and extended to the entire MCA territory at 4 hr by cresyl violet staining (data not shown). The time-dependent increase of infarction in mouse brain using the intraluminal suture blockade is consistent with previous reports that used the same focal stroke model in mice (Yang et al., 1994; Kondo et al., 1997 ).
DISCUSSION
The current study provides the first evidence that overexpression of SOD1, a cytosolic antioxidant isoenzyme, prevents the early release of mitochondrial cytochrome c and subsequent DNA fragmentation after focal ischemia and reperfusion. Our findings are as follows. First, mitochondrial cytochrome c was reduced in the ischemic brain 2 hr after transient FCI in wild-type mice, and the cytosolic fraction showed a corresponding increase of cytochrome c in the ischemic brain during reperfusion. Second, a postischemic increase of cytosolic cytochrome c was significantly reduced 2 and 4 hr after transient FCI in the Tg mice that overexpressed SOD1 compared with the wild-type mice. Third, a significant amount of intranucleosomal DNA fragmentation was detected by genomic DNA gel electrophoresis 24 hr after FCI in the wild-type mice and was reduced in the SOD1 Tg mice. Finally, the spatial relationship of the cytosolic accumulation of cytochrome c and the occurrence of DNA fragmentation was indicated by double staining with cytochrome c immunohistochemistry and TUNEL 24 hr after transient FCI. Taken together, these results indicate that the early release of mitochondrial cytochrome c may contribute to the occurrence of DNA fragmentation after transient FCI and that the cytosolic antioxidant SOD1 has a potential role in preventing the early release of cytochrome c from the mitochondria, thereby reducing subsequent DNA fragmentation. However, we do not rule out the possibility that some other pathway also contributes to the protective effect of SOD1 against DNA fragmentation and infarction after transient FCI. Our recent study showed that overexpression of SOD1 prevents the early decrease of apurinic-apyrimidinic endonuclease, a DNA base excision repair protein, and subsequent DNA fragmentation after transient FCI in mice (Fujimura et al., 1999c) .
We reported previously that there was no difference in the anatomy of the blood vessels (Yang et al., 1994) and of regional cerebral blood flow (Chan et al., 1993) between wild-type mice and SOD1 Tg mice. Physiological parameters, such as mean arterial pressure and arterial blood gas, showed no difference between the two groups in the present study. Therefore, we believe that the MCA territory area on the lesion side was subjected to a similar level of the ischemic condition in both groups. Based on this concept, we made it a rule to cut the anatomical MCA territory for Western blot analysis and DNA gel electrophoresis to compare cytochrome c expression and the amount of DNA fragmentation between wild-type and SOD1 Tg mice. As a result, the SOD1 Tg mice showed much less accumulation of cytosolic cytochrome c than did the wild-type mice 2 hr after transient FCI (Figs. 3, 4) . Using the same samples, we confirmed the significant overexpression of human SOD1, which is a product of the transgene, in the Tg mice before and after transient FCI. These results indicate that the overexpression of SOD1 directly corresponds to the lower cytosolic cytochrome c expression in the SOD1 Tg mice after transient FCI.
Because ischemia-reperfusion are known to modify a variety of protein expressions that play a role in the pathophysiology of cerebral infarction, we examined the protein levels in SOD1 and Apaf-1, a protein homologous to Caenorhabditis elegans CED-4, which interact with cytochrome c and play critical roles in downstream caspase activation in vitro (Li et al., 1997; Zou et al., 1997; Yoshida et al., 1998) . A similar level of endogenous mouse SOD1 was detected in both the wild-type and Tg mice and was not altered during reperfusion. A significant amount of human SOD1, which is a product of the transgene in the TGHS/SF-218 -3 strain used in this study, was detected only in the SOD1 Tg mice and was not modified after 1-24 hr of transient FCI. These results indicate that the Tg mice maintained the overexpression of the SOD1 protein during the entire time course in the present study and that the differences in cytochrome c release and the amount of DNA fragmentation reflect the accumulative effect of SOD1 overexpression. We also showed for the first time that Apaf-1 was constitutively expressed in adult mouse brain and did not change after 1-24 hr of transient FCI (Fig. 6) . Furthermore, there was no difference in Apaf-1 expression before and after FCI between the wild-type and SOD1 Tg mice, suggesting that the difference shown in DNA fragmentation (Fujimura et al., 1999c) was not caused by the modification of the Apaf-1 level but was caused by, at least in part, the release of less mitochondrial cytochrome c after transient FCI.
The exact mechanism by which SOD1 blocks the release of mitochondrial cytochrome c to the cytosol is unknown. There is increasing evidence that the release of mitochondrial cytochrome c is mediated by several cytosolic factors as follows. First, mitochondrial translocation of cytosolic Bax, which has been reported to induce cytochrome c from isolated mitochondria and to exacerbate apoptosis (Jürgensmeier et al., 1998; Narita et al., 1998) , was implicated in cytochrome c release after hypoxiareoxygenation in vitro (Saikumar et al., 1998) . Second, cytosolic caspase-8, which plays a significant role in the CD95-Fas pathway of apoptosis, was shown to cleave the cytosolic factor Bid, which then targets mitochondria, thereby inducing cytochrome c release, triggering a subsequent mitochondrial cascade . Thus, overexpression of the cytosolic antioxidant SOD1 might prevent cytochrome c release after FCI by altering the activation of these cytosolic factors, including caspase-8, Bid, and Bax. Alternatively, overexpression of SOD1 in the cytosol may compensate for mitochondrial oxidative stress, thereby preventing the early release of cytochrome c after FCI. In fact, the mitochondria are sites at which ROS are produced after cerebral ischemia (Piantadosi and Zhang, 1996) , and overproduction of mitochondrial ROS by manganese SOD deficiency results in a marked increase of cytochrome c release and subsequent DNA fragmentation after FCI in vivo (Fujimura et al., 1999a) . Finally, cytochrome c release after nerve growth factor deprivation in sympathetic neurons was shown to be a reversible event (Martinou et al., 1999) . Whether overexpression of SOD1 may have a role in synthesizing new cytochrome c during reperfusion to replace that which was released is not clear at present. Further evaluations of cytosolic factors as described above and of mitochondrial ROS production in wild-type and SOD1 Tg mice after transient FCI would address these important issues. At the same time, we do not rule out the possibility that the lower level of nonspecific mitochondrial membrane damage in SOD1 Tg mice could contribute in part to the reduction of cytochrome c release in the present study. A future study using electron microscopy would address this important issue.
Increasing evidence suggests that an active process similar to apoptosis contributes to the death of neurons (Li et al., 1995; Du et al., 1996; Hara et al., 1997; Endres et al., 1998; Fujimura et al., 1998 Fujimura et al., , 1999b Namura et al., 1998) and to the expansion of the lesion after focal ischemia and reperfusion (Du et al., 1996) . Intranucleosomal DNA fragmentation was detected by genomic DNA gel electrophoresis (Du et al., 1996; Endres et al., 1998; Fujimura et al., 1999b) , and TUNEL showed a significant number of neurons exhibiting chromatin condensation and apoptotic bodies (Li et al., 1995; Fujimura et al., 1998) . However, a recent study demonstrated that most of the DNA fragmentation produced after either focal or global ischemia in adult rats has staggered ends with a 3Ј recess of 8 -10 nucleotides, which is distinct from the DNA fragmentation seen during neonatal apoptosis (MacManus et al., 1999) . The electron microscopic study by Colbourne et al. (1999) also showed evidence against apoptosis, such as organelle swelling and the lack of apoptotic bodies, after global cerebral ischemia in gerbils. We do not completely rule out the possibility that DNA-damaged cell death seen in the present study might be distinct from that seen in typical apoptosis in embryonic neurons. Nevertheless, the protective effect of caspase inhibitors on DNA damage and neuronal cell death after transient FCI in mice (Hara et al., 1997; Endres et al., 1998) and transient global ischemia in rats strongly suggests that the biochemical cascade, including caspase activation and subsequent DNA fragmentation, plays a major role in neuronal cell death after ischemia-reperfusion. In fact, it was reported that release of mitochondrial cytochrome c and caspase-9 occurred after ischemia-reperfusion (Fujimura et al., 1998; Krajewski et al., 1999) . Our results, which show that overexpression of SOD1 in mice blocked the early release of mitochondrial cytochrome c and consistently prevented subsequent DNA fragmentation, may also suggest that the mitochondrial pathway, including cytochrome c release, caspase activation, and DNA fragmentation, plays a role in reperfusion injury after FCI in mice. Because caspase-3 has been shown to directly activate DNase, thereby leading to DNA fragmentation (Enari et al., 1998) , we believe that the mitochondrial pathway plays a major role in DNA-damaged cell death after transient FCI in mice, even when its characteristics are distinct from typical apoptosis seen during the developmental stage. Future morphological studies with an electron microscope and/or DNA analysis using ligationmediated PCR methods (MacManus et al., 1999) in mice after transient FCI would address these critical issues.
